Abstract: Paroxysmal nocturnal hemoglobinuria (PNH), a disease characterized by intravascular hemolysis, thrombosis, and bone marrow failure, is associated with mutations in the PIG-A gene, resulting in a deficiency of glycosylphosphatidylinositol-anchored proteins. Many hypotheses have been posed as to whether PNH and PIG-A mutations result in an intrinsic survival benefit of CD55
Introduction
Paroxysmal nocturnal hemoglobinuria (PNH) is a disease characterized by intravascular hemolysis, thrombosis, and bone marrow failure. The disease is associated with mutations in the PIG-A gene in hematopoietic stem cells, resulting in a deficiency of glycosylphosphatidylinositol (GPI)-anchored proteins. 1 This deficiency results in loss of CD55 and CD59, which are believed to be the main GPI-anchored proteins that serve to protect red blood cells (RBCs) from complement-mediated destruction. 2 This rare disease, estimated at two to five new cases per million US inhabitants, has led to the development of multiple hypotheses that seek to explain the role of PIG-A gene mutations and the survival, and clonal expansion, of CD55
− cells (PNH cells). 1 These hypotheses seek to understand whether there is either an extrinsic permissive environment or an intrinsic survival benefit to PNH cells that allows for the clonal expansion within the bone marrow compartment. 1, 3, 4 Additionally, the identification of CD55
− cells is not pathognomonic for clinical pathology, as PNH cells have been identified in normal individuals, thus further complicating the understanding of PNH and the role of PIG-A. 5, 6 While early hypotheses of PNH pathophysiology considered the entity as part of a myelofibrosis (MF)/myelodysplastic syndrome, these conceptualizations largely
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Journal of Blood fell out of favor until recently with the advent of new highthroughput genetics and deep sequencing. 7 Deep sequencing studies have identified acquired somatic mutations in genes associated with myeloid neoplasms not only in hematologic malignancies but also in aging and in nonmalignant hematologic diseases such as aplastic anemia, suggesting that the development of a malignant process is bridged by the acquisition of multiple genetic mutations. 8, 9 Recent data have identified the concurrence of PIG-A mutations with genetic mutations associated with myeloproliferative disorders such as JAK2, HMGA2, and BCR-ABL, thus further supporting the hypothesis that in some occurrences of PNH, the development AP1S2  CA5BP  TMEM27  ACE2  BMX  BMX   ZRSR2  INE2  CA5B  GRPR   CXorf15  CXorf15  SYAP1  SYAP1  S100G  RBBP7  CTPS2  CTPS2  CTPS2   GLRA2  GLRA2   GEMIN8 Figure 1C) . A repeat bone marrow biopsy showed megakaryocyte hyperplasia with myelofibrosis, consistent with post-ET myelofibrosis. The patient had a normal karyotype and a negative JAK2V617F mutation but was found to have CALR p.K385fs*47, an acquired somatic mutation strongly associated with the development of MPN. 13 His hemoglobin improved following iron supplementation, but hemolysis persisted with ongoing elevated lactate dehydrogenase, reduced haptoglobin, and reticulocytosis. Clinically, the patient complained of dyspnea on exertion and tea-colored urine. Urinalysis, which had previously been normal, revealed hemoglobinuria, 56 RBC/µL, and 4+ hemosiderin. High-resolution karyotype with a singlenucleotide polymorphism array revealed hemizygous loss of Xp22.2, an area of the genome that contains the PIG-A gene ( Figure 1A ). This microdeletion, which has been previously described, is a genetic aberration associated with the development of PNH.
14 Peripheral blood samples were used for multiparametric flow cytometry analysis based on fluorescent inactive aerolysin and the GPI-anchored proteins CD59 on RBCs and CD14 on monocytes and granulocytes. Flow cytometry identified loss of GPI-anchored proteins (PNH clone) comprising 14% of RBCs, 60% of granulocytes, and 73% of monocytes, thus confirming his diagnosis of PNH ( Figure 1B) .
Conclusion: insights into pathogenesis of PNH and the utility of genomic testing in the clinic
Though the development of PNH has been documented to be associated with a number of genetic aberrations associated with MPN and myelodyplasia, this is the first description of the development of PNH in a patient with a CALR mutation. 14 The progressive quality of his disease, initially from ET to post-ET myelofibrosis with eventual evolution of clinically significant PNH driven by microdeletion of Xp22.2, which encompassed the PIG-A gene, illustrates the evolving nature of myelodysplastic/myeloproliferative conditions and supports the hypothesis that multiple genomic "hits" may occur in order to develop clinically significant PNH. While not fully elucidated, the CALR mutation has been shown to lead to excessive cell proliferation. 15 We hypothesize that the CALR mutation conferred the survival benefit needed for clonal expansion and survival benefit within the bone marrow stem cell compartment of PIG-A mutant cells, thus cooperating to generate the PNH phenotype.
This case also importantly illustrates the utility of genomic testing outside the research setting and its utility in diagnosis when embedded within the clinical milieu. This patient's normal karyotype coupled with his CALR mutation status allowed for appropriate identification of disease driving lesions and prognostication in ET. As his disease continued to evolve, singlenucleotide polymorphism microarray appropriately identified the etiologic cause of his worsening anemia and changing clinical presentation, thus demonstrating how the clinical availability of sensitive genetic testing leads to more accurate diagnosis, pathogenic understanding of disease process, and the development of more targeted and personalized treatments.
